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There is much controversy about the optimal trade-off between blood-oxygen-level-
dependent (BOLD) sensitivity and spatial precision in experiments on brain’s topology
properties using functional magnetic resonance imaging (fMRI). The sparse empirical
evidence and regional specificity of these interactions pose a practical burden for the
choice of imaging protocol parameters. Here, we test in a motor somatotopy experiment
the impact of fMRI spatial resolution on differentiation between body part representations
in cortex and subcortical structures. Motor somatotopy patterns were obtained in a
block-design paradigm and visually cued movements of face, upper and lower limbs
at 1.5, 2, and 3 mm spatial resolution. The degree of segregation of the body parts’
spatial representations was estimated using a pattern component model. In cortical
areas, we observed the same level of segregation between somatotopy maps across all
three resolutions. In subcortical areas the degree of effective similarity between spatial
representations was significantly impacted by the image resolution. The 1.5 mm 3D EPI
and 3 mm 2D EPI protocols led to higher segregation between motor representations
compared to the 2 mm 3D EPI protocol. This finding could not be attributed to differential
BOLD sensitivity or delineation of functional areas alone and suggests a crucial role of
the image encoding scheme – i.e., 2D vs. 3D EPI. Our study contributes to the field by
providing empirical evidence about the impact of acquisition protocols for the delineation
of somatotopic areas in cortical and sub-cortical brain regions.
Keywords: functional magnetic resonance imaging, segregation, image resolution, BOLD sensitivity, subcortical
areas
Abbreviations: ANCOVA, analysis of covariance; ANOVA, analysis of variance; BOLD, blood-oxygen-level-dependent;
DARTEL, diffeomorphic anatomical registration using exponentiated lie algebra; EPI, echo-planar imaging; FDR, false
discovery rate; fMRI, functional magnetic resonance imaging; GLM, general linear model; IoS, index of similarity; M1,
primary motor cortex; MNI, Montreal Neurological Institute; MRI, magnetic resonance imaging; PCM, pattern component
model; ROI, region of interest; SEM, standard error of the mean; SMA, supplementary motor area, SNR, signal-to-noise ratio;
SPM, statistical parametric mapping; TE, echo time; TR, repetition time; tSNR, temporal SNR.
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INTRODUCTION
Whilst electrophysiological studies provide strong evidence that
somatotopy representations in the basal ganglia and thalamus
are spatially segregated (Alexander and DeLong, 1985; Nambu,
2011), fMRI studies failed to robustly replicate these findings
(Lehéricy et al., 1998; Maillard et al., 2000; Gerardin et al.,
2003; Staempfli et al., 2008; Oguri et al., 2013; Zeharia et al.,
2015). Up to date, only one single high-resolution imaging study
showed clear segregation between somatotopy representations
(Staempfli et al., 2008). The controversies in the fMRI literature
can be explained by the inherent inter-individual variability
of sensorimotor representations, potential differences in fMRI
acquisition parameter settings and applied statistical analysis
(Picard and Strick, 1996; Beisteiner et al., 2001; Alkadhi
et al., 2002). The lack of empirical evidence for the main
effects and interactions between these variables calls for the
investigation of the effect of fMRI protocol parameters on
topology studies of somatotopy representations in both cortical
and subcortical regions.
The majority of fMRI studies aiming to differentiate
between motor representations of adjacent body parts stress
the importance to balance the trade-off between high spatial
resolution and the resulting SNR (Kleinschmidt et al., 1997;
Hlustik et al., 2001; Kapreli et al., 2007; Meier et al., 2008; Olman
et al., 2012). The increase in spatial resolution leads to drop in
sensitivity to the BOLD effect that can be partially compensated
only for cortical regions using multi-channel receive coils
(Triantafyllou et al., 2005, 2011). This is supported by somatotopy
studies consistently showing high level of segregation in primary
motor cortex (Kapreli et al., 2007; Meier et al., 2008; Zeharia et al.,
2012; Cunningham et al., 2013) and SPM (Indovina and Sanes,
2001; Strother et al., 2012), but failing to obtain similar results in
deep brain nuclei. The reduction in BOLD sensitivity at higher
spatial resolution is particularly pronounced in subcortical areas
(Triantafyllou et al., 2005; Lutti et al., 2012), which are inherently
associated with low BOLD sensitivity due to their increased iron
content and marked distance from the receive elements of the
head coil (de Hollander et al., 2017). Furthermore, subcortical
regions are more susceptible to physiological noise compared to
cortical areas (Hutton et al., 2011; Viviani, 2016; Kasper et al.,
2017). In group-level analysis, this marked reduction augments
the inter-individual variability that results in poor differentiation
between somatotopy areas (Scholz et al., 2000).
There is cumulating empirical evidence about the differential
sensitivity of analytical strategies to the regionally specific effect
of varying spatial resolution on BOLD sensitivity (Diedrichsen
et al., 2011; Molloy et al., 2014; Kirilina et al., 2016). When
comparing topological properties previous studies have used
the Euclidean distance between centers of gravity or activation
maxima (Delmaire et al., 2005; Hashimoto et al., 2013; Besle et al.,
2013a), Jaccard or Dice coefficients (Plow et al., 2010; Bracci
et al., 2012; Cunningham et al., 2013) and a “selectivity” index
that calculates a ratio between BOLD responses (Olman et al.,
2012). These analytical techniques provide estimates of distance
or similarity between activation clusters that are strongly affected
by the amount of noise in the data (Gorgolewski et al., 2010;
Stevens et al., 2013). Another limitation of the aforementioned
methods is the necessity to set an arbitrary threshold that
transforms continuous statistical parametric maps into binary
clusters. Voxels with sub-threshold BOLD response are not
assigned to any somatotopic cluster and the contribution of
voxels that exhibit maximal response is underestimated. More
recent study provided an elegant solution, called PCM, that
does not require thresholding of activation maps and provides
robust inferences despite BOLD sensitivity differences or high
percentage of uninformative voxels (Diedrichsen et al., 2011,
2017). PCM has been extensively tested and used in various
contexts including motor control (Diedrichsen et al., 2011,
2013a,b, 2017; Ejaz et al., 2015; Diedrichsen and Kriegeskorte,
2017) and can overcome the previous limitations when
comparing spatial similarity between motor representations.
In this study, we sought to test the impact of the image
resolution – BOLD sensitivity trade-off on spatial differentiation
between motor somatotopy representations to provide evidence
for optimal fMRI protocol settings for future studies in
the field. We hypothesized that image resolution would
affect differentially cortical and subcortical areas with more
pronounced implications for activations in the deep brain nuclei.
Our secondary aim was to test if the spatial differentiation
between functional representations can be attributed not only to
differential BOLD sensitivity of cortical vs. subcortical areas, but
also to the spatial resolution of a given imaging protocol. Motor
somatotopy representations were obtained from 1.5, 2, and 3 mm
fMRI data acquired during a visually cued motor paradigm.
BOLD sensitivity and regression coefficients of the GLM were
estimated for each subject and image resolution in cortical and
subcortical regions. The levels of segregation of somatotopy maps
are calculated using an IoS obtained from the PCM approach
(Diedrichsen et al., 2011, 2017). Finally, the estimated segregation
levels are compared between fMRI protocols taking in account
the corresponding BOLD sensitivity estimates.
MATERIALS AND METHODS
Participants
Sixteen right-handed healthy volunteers (9 females, age range:
18 to 72 years; mean age: 36.6 years, SEM: 4.47 years) were
recruited for the study. One individual was discarded from
further analysis due to poor data quality. All participants were
right-handed (laterality quotient range: 6:20, average = 12.8).
Eleven participants indicated preference for right foot and four
indicated no preference. The study was approved by the local
Ethics committee and participants gave their written informed
consent prior to investigation.
Experimental Paradigm
All volunteers performed the same motor execution task
consisting of: (i) unilateral foot movement – flexion and
extension of the toes of the right or left foot with the legs
resting in flexed position on a platform, (ii) unilateral hand
movement – fist opening and closing with the arm kept in a
resting position, or (iii) unilateral lower face movement – mouth
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corners are moved sideward. Right and left body side movements
were performed within the same run but in separate blocks. The
task was repeated in three separate sessions (runs) corresponding
to the different fMRI protocols. Each of the three experimental
sessions comprised eighteen blocks of movement repetitions
during 16 s, i.e., three for each body part. Blocks of motor activity
were interspersed with blocks of rest with the same duration.
Before each block, we introduced a motor preparation period
consisting of a visual cue with a pictogram of the designated
body part accompanied by a countdown of 3 s. Subjects were
instructed to move at a pace of 1 Hz indicated by an icon of
the corresponding body part displayed at that rate during the
active blocks. The rest condition was marked by a fixation cross
at the center of the screen and subjects were asked to fixate
it. Motor activity blocks were in pseudo-randomized order to
prevent bias induced by potential effects of learning, performance
and attention. This experiment was realized using Cogent 2000
developed by the Cogent 2000 team at the FIL and the ICN
and Cogent Graphics developed by John Romaya at the LON at
the Wellcome Department of Imaging Neuroscience. Movement
execution was practiced before MRI scanning.
MRI Acquisition
MRI data was acquired on a Siemens Prisma 3T scanner with
a 64-channel head coil. The 1.5 and 2 mm fMRI data were
acquired using a 3D encoding scheme (Lutti et al., 2012), the
3 mm data – with a 2D scheme. We used the following acquisition
parameters: (i) 1.5 data: TE = 30.9 ms, slice TR = 63 ms, 64
slices, volume TR = 4032 ms, flip angle = 15◦, 176 volumes,
EPI train length: 47.52 ms (GRAPPA acceleration factor 2 along
phase direction), field of view: 192 × 192 in-plane, bandwidth:
1698 Hz/pixel; (ii) 2 mm data: TE = 30 ms, slice TR = 52 ms,
52 slices, volume TR = 2704 ms, flip angle = 15◦, 263 volumes,
EPI train length: 29.16 ms (GRAPPA acceleration factor 2 along
phase direction), field-of-view: 192 × 192 in-plane, bandwidth:
2170 Hz/pixel; (iii) 3 mm data: TE = 30 ms, slice TR = 66 ms,
30 slices, volume TR = 1980 ms, flip angle = 90◦, 359 volumes,
EPI train length: 35.56 ms, field of view: 192 × 192 in-plane,
bandwidth: 2442 Hz/pixel. The fMRI runs with the 3 image
resolutions were performed within the same scanning session and
their order was pseudo-randomized across subjects. Note that
because of slice oversampling, the number of slices and respective
slice thickness for each protocol resulted in a different coverage
in the head-foot direction during acquisition. Additional slices
acquired for 3D EPI protocols were discarded in final images,
such that all protocols covered 90 mm in the head-foot direction.
The structural MRI data consisted of magnetization transfer
(MT) maps (Weiskopf et al., 2013) or T1-weighted (T1w)
MPRAGE images (TR = 2000 ms; TI = 920 ms; α = 9◦;
BW = 250 Hz/pixel; readout in inferior-superior direction; field
of view = 256 × 232 mm; 176 slices) at 1 mm resolution. T1w
images were used for two subjects whose MT maps quality was
impacted by head motion artifacts.
MRI Data Pre-processing
Data pre-processing and subsequent statistical analysis were
performed using the freely available SPM software (SPM12;
Wellcome Trust Centre for Neuroimaging1) running under
Matlab 7.13 (The MathWorks, Inc., Natick, Massachusetts,
United States). EPI images were realigned to the subject’s average
image across runs and corrected for spatial distortions using
the SPM FieldMap toolbox (Hutton, 2002). The parameters of
registration to standardized MNI space were calculated on the
anatomical image (MT map or T1w image) and the default
settings of the “unified segmentation” framework followed by
the diffeomorphic registration algorithm DARTEL (Ashburner
and Friston, 2005; Ashburner, 2007). The spatial registration
parameters were then applied to the functional time-series
co-registered to the corresponding individual’s anatomical scan
and up-sampled to a uniform 1.5 mm isotropic resolution. Prior
to statistical analysis, we applied a spatial smoothing with a
Gaussian kernel of 6 mm full-width-at-half-maximum. Because
face movements might lead to increased head motion, functional
images quality was checked by estimating average scaled variance
for each subject and each condition of interest using TSDiffAna
SPM extension2. Scaled variance was compared across EPI
protocols and conditions of interest using a 2-way ANOVA.
Subject-Level fMRI Modeling
The within-subject statistical analysis was performed using
the GLM after convolving the onsets of the active blocks
with a canonical hemodynamic response function (Friston
et al., 1994, 1995; Worsley and Friston, 1995). We estimated
six differential contrasts for each body side and body part
separately while using the resting blocks as baseline. Preparation
periods and realignment parameters estimated by SPM were
included as covariates.
Group-Level Mass-Univariate Analysis
For the group-level analyses we used three identical flexible-
factorial designs corresponding to the three different EPI
protocols to include the results from the six differential contrasts
as independent levels of a factor. The differential contrasts at the
group level tested the positive correlation between movement
and BOLD signal changes. Given previously reported motor
somatotopy in deep brain nuclei (Staempfli et al., 2008; Nambu,
2011; Zeharia et al., 2015), we expected activity elicited by hand
movements to lie primarily in between activity for foot and face.
In addition, ordered activity patterns for foot, hand and face
movements were expected to predominantly follow a particular
direction for each subcortical structure: a dorsal to ventral
gradient in the putamen and pallidum, possibly a posterior to
anterior gradient in the putamen and a medial to lateral gradient
in the pallidum, as well as a lateral to medial gradient in the
thalamus. Given the sparse evidence and lack of consistency in
motor somatotopy patterns across fMRI studies, we calculated
the MNI coordinates of centers of mass and activation maxima
in each brain region for each body part and resolution based on
group-level results, and tested the congruence of the mapping
obtained in our study with the expected somatotopy patterns
in two ways. First, we assessed whether the hand was lying in
1http://www.fil.ion.ucl.ac.uk/spm/
2https://www.fil.ion.ucl.ac.uk/spm/ext
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between the two other representations in at least one spatial
dimension – along the X, Y, or Z axis. Second, we tested whether
the foot and face representations were located at the expected
location along the relevant axis, e.g., the foot being more dorsal
than the face in the putamen. In addition, we performed a
MANOVA on MNI coordinates of centers of mass in X, Y, and
Z dimension with body part and resolution as predicting factors
across all ROIs. To account for the fact that somatotopic gradient
has a different scaling and directionality in each ROI, we applied
single value decomposition to MNI coordinates separately for
each ROI to project the coordinates of centers of mass in the
ROI-specific space defined by principal vectors. Furthermore,
we calculated the volume of somatotopic fields for all body
parts, ROIs, and resolutions based on group-level mass univariate
results to test for a possible link between the activation extend and
fMRI resolution as reported in previous studies (Hu and Glover,
2007; van der Zwaag et al., 2009). In order to obtain activation
volume in all ROIs for all contrasts and resolutions, statistical
maps were thresholded at p< 0.05 uncorrected. A 1-way ANOVA
evaluated the impact of resolution on activation volume, which
were adjusted by dividing volumes by their respective ROI size.
Pattern Component Modeling
Levels of segregation between functional representations of
different body parts were estimated using the PCM approach
(Diedrichsen et al., 2011). First, voxel-specific regression
coefficients were extracted from the subject-level GLM analysis in
the following regions-of-interest (ROIs): M1 [as defined by Van
Essen and Drury (1997)], SMA, putamen, pallidum [as defined
by the Harvard-Oxford atlas (Frazier et al., 2005; Desikan et al.,
2006; Makris et al., 2006; Goldstein et al., 2007)] and thalamus
[ventro-lateral and ventral postero-lateral nucleus (as defined by
Niemann et al., 2000; Krauth et al., 2010)]. These coefficients
were then used as inputs for the PCM, which models the data
as a linear combination of pattern components distributed across
voxels using a hierarchical Bayesian linear model (Diedrichsen
et al., 2011, 2017). In total, we performed at the group level ten
PCM analyses – one for each of the five ROI per hemisphere.
The PCM is a random-effects model which mainly consists in the
following equation:
Y = ZU + E
where Y is a n by v matrix representing the data, Z is a n
by p design matrix, U is a p by v matrix representing the
pattern components and E is a n by v noise matrix, with
n being the number of trials, v the number of voxels and
p the number of hypothesized patterns. The errors in E are
assumed to be independent and identically distributed over
trials for single voxels. These patterns are distributions of
probabilities over voxels with a voxel-based variance-covariance
matrix estimated using an Expectation-Maximization algorithm.
Previous reports confirmed the robustness of the estimates
against the impact of noise, common activation, and voxel-
selection (Diedrichsen et al., 2011).
We provide estimates of similarity between spatial
representations (i) across body parts for the different spatial
resolutions; (ii) across different spatial resolutions for each
body part. Only contralateral representations were considered,
such that for each ROI, PCM was performed with a 3 × 3
factorial design (MOVEMENT × RESOLUTION) without
constraints on the variance-covariance matrix. We took care
that variance and covariance estimates obtained from the PCM
were comparable across body parts, resolutions and ROIs by
dividing each covariance estimate by the product of its respective
variance estimates. Given our aim to compare similarity between
representations across conditions rather than likelihood under
a particular representational model (Diedrichsen et al., 2011,
2017; Ejaz et al., 2015), we transformed the PCM correlation
coefficients using the Fisher r-to-z’ transform (Fisher, 1915,
1921; Sanabria-Díaz et al., 2013) and the absolute value defined
our IoS. Given that the interpretation of negative BOLD effects
is controversial (Schridde et al., 2008; Schäfer et al., 2012;
Zeharia et al., 2012; Huber et al., 2014; Mullinger et al., 2014),
we consider the absolute value of Fisher r-to-z’ transform for
statistical definition of similarity. IoS represented the absolute
value of the inverse hyperbolic tangent of the correlation
coefficient r between representations:
IoS = ∣∣tanh−1 (r)∣∣
Low values of IoS indicate high segregation between
representations (low r values), while high IoS values indicate
high similarity (i.e., lack of functional segregation) between
representations. Low IoS values indicate low similarity of a given
body part across different acquisitions, i.e., the localization is
not consistent. PCM provides only one IoS value per pattern
component, which resulted in nine IoS values per ROI. After
the Fisher’s Z-transform, we obtained the statistical significance
of IoS estimates using Z-statistics and FDR correction for
multiple comparisons (Benjamini and Hochberg, 1995). In
addition, to test for the potential effect of smoothing kernel
used for fMRI data pre-processing on IoS values, functional
time-series were analyzed using: (i) spatial Gaussian smoothing
kernel proportional to the particular image resolution; (ii)
left without spatial smoothing. We then repeated the GLM,
PCM and IoS estimation on the resulting outputs of these two
alternative strategies.
BOLD Sensitivity Analyses
As measures of BOLD sensitivity, we provide average t-scores per
ROI within the 5% most significant voxels and estimates of the
tSNR at the voxel and ROI levels. For the calculation of tSNR,
we removed the effects of the original time-series at the subject
level (Lutti et al., 2012) using standard pre-processing with rigid
transformation within and between sessions, image distortion
correction and spatial registration to MNI space. We present
Pearson’s and Spearman’s correlation coefficients between the IoS
and tSNR values across all ROIs and image resolutions. Both
Pearson’s and Spearman’s correlation coefficients were used in
order to characterize the nature of the presumed relationship
between tSNR and IoS and provide linear as well as non-linear
measures. In addition, we estimated the combined effects of
tSNR and image resolution (coded as factor with 3 levels) on
IoS using analysis-of-covariance (ANCOVA) in R 3.3.1 and the
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R package car 2.1-3 (Fox and Weisberg, 2011; R Core Team,
2012). The contribution of tSNR to the effect of image resolution
on IoS values was assessed using model comparison between the
ANCOVA model and a simpler regression model including only
tSNR as predictor. We performed planned post hoc comparisons
using the R package phia 0.2-1. For the correlation coefficients
calculation that entered the ANCOVA model we averaged IoS
values across pairs of contrasts and tSNR values across subjects.
We also performed the same analyses with tSNR estimates
weighted by dividing the values by the squared root of the
corresponding volume TR (tSNR/
√
TRvolume; Poser et al., 2010),
the number of volumes (tSNR/
√
N; Smith et al., 2013), and tSNR
values scaled by a factor that includes the number of volumes
and accounts for autocorrelation in the data (tSNRs; Todd et al.,
2016). In addition, because head motion during acquisition can
affect tSNR estimates, we calculated average and maximum head
motion, number of head movements above 0.5 mm, as well as
rotations (Van Dijk et al., 2012) and performed 1-way ANOVAs
on each metric with resolution as predicting factor.
RESULTS
Mass-Univariate Analyses
The group level analysis demonstrated somatotopy patterns in
cortical and subcortical areas (Figure 1 and Supplementary
Figures S1, S6–S9). We report activations in primary motor
cortical areas, thalamus, putamen and pallidum (whole brain
results table, MNI coordinates of maxima, centers of mass
and activation volume available as Supplementary Material).
Consistent with previous motor somatotopy studies, foot, hand
and face representations were located along a dorsal to ventral
and medial to lateral gradient in M1 and along a posterior to
anterior gradient in the SMA. In the putamen, foot activity was
more anterior and medial than the face and more ventral than
the hand, but locations of face and hand activity were consistent
with the study of Staempfli et al. (2008). In the pallidum, the
foot was more ventral than the face. In the thalamus, face
activity was more anterior, ventral and medial compared to
hand, and more posterior, dorsal and lateral compared to foot.
However, in deep brain nuclei, coordinates of centers of mass
and activation maxima were only partially congruent with the
expected somatotopy. Centers of mass of hand representations
were in between foot and face along at least one dimension in
55.6% of subcortical ROIs across all resolutions (50% for 1.5 mm,
83.3% for 2 mm, and 33.3% for 3 mm). For activation maxima,
this spatial ordering was lower (38.9%) on average (38.9%) but
higher (66.7%) for 3 mm resolution (16.7% for 1.5 mm, and 33.3%
for 2 mm). This ordering was nevertheless always confirmed
in the putamen and pallidum except in the right putamen for
1.5 mm and in the pallidum for 3 mm. In the thalamus, only 2 mm
data were associated with this specific spatial ordering of centers
of mass. Centers of mass of foot representation were more dorsal
than the face only in the left pallidum for 3 mm and left putamen
for 2 mm resolution, and foot was systematically more medial
than face activity in the thalamus. Activation maxima were more
dorsal for foot than for face only in the putamen using 3 mm data.
The 2-way MANOVA results revealed a significant effect
of body part (Pillai’s trace = 0.39; p < 0.001) on centers of
mass coordinates in principal axes across ROIs, but no effect of
resolution (Pillai’s trace = 0.02; p = 0.921) and no interaction
between resolution and body part (Pillai’s trace = 0.10; p = 0.783).
All ANOVAs performed on each dimension separately revealed a
significant effect of body part [first principal axis: F(2,81) = 13.86,
p < 0.001; second principal axis: F(2,81) = 9.71, p < 0.001;
third principal axis: F(2,81) = 3.72, p = 0.029], no resolution
FIGURE 1 | Motor somatotopy patterns across resolutions and brain regions projected on canonical anatomical image in standard space. Group results obtained
using the flexible factorial design showing the binarised statistical parametric maps (t-values) thresholded at α = 0.05 (corrected for multiple comparisons, family-wise
error rate) for each resolution. Left and right body movements are merged (red – feet; yellow – hands; green – face).
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effect and no interaction. Post hoc tests using Bonferroni-
Holm correction for multiple comparisons showed significant
differences between face and foot [F(1,81) = 15.85; p < 0.001]
and between foot and hand [F(1,81) = 24.75; p < 0.001] for
the first principal axis, between the same pairs of body parts
for the second principal axis [F(1,81) = 10.32; p = 0.004 and
F(1,81) = 17.80; p < 0.001, respectively], and between face and
foot [F(1,81) = 7.19; p = 0.027] for the third principal axis.
There was a significant effect of resolution on activation
volume [F(2,87) = 6.52; p = 0.002] as shown by the 1-way ANOVA
(R2 = 0.13; adjusted R2 = 0.11). Average activation volume
adjusted for ROI size was 0.40 for 1.5 mm, 0.60 for 2 mm, and 0.56
for 3 mm data. Post hoc tests using Bonferroni-Holm correction
showed a difference between 1.5 mm and 2 mm [F(1,87) = 11.78;
p = 0.003] and between 1.5 mm and 3 mm [F(1,87) = 7.23;
p = 0.017].
The 2-way ANOVA performed on scaled signal variance
revealed a significant model fit [F(17,252) = 4.19; p < 0.001;
R2 = 0.22; adjusted R2 = 0.17] and an effect of EPI protocol
on image quality [F(2,252) = 34.27; p < 0.001; Supplementary
Figure S5]. Neither the effect of movement type [F(5,252) = 0.29;
p = 0.92], nor the interaction between movement type and EPI
protocol were significant [F(2,252) = 0.13; p > 0.99].
Indices of Similarity
There were no significant differences between EPI protocols in
cortical ROIs when comparing the IoS Z-scores across pairs
of movements for each resolution and ROIs (Figure 2). We
observed differences in subcortical ROIs where 3 mm provided
lower IoS values compared to 1.5 mm in the left pallidum
(p = 0.01) and right thalamus (p = 0.001). IoS values were
significantly lower for 1.5 mm as compared to 2 mm EPI in the
left putamen (p = 0.02) and right thalamus (p< 0.001). IoS values
were lower for 3 mm compared to 2 mm EPI in the left putamen
(p = 0.01), left pallidum (p = 0.01) and the right thalamus
(p < 0.001). All z-scores of motor representations between EPI
protocols were significant (p < 0.05, FDR-corrected), except for
3 mm EPI against other protocols in the thalamus, showing
that motor representations were robustly mapped and were
associated with a consistent localization (Figure 3). Similar
results were obtained when different smoothing strategies were
used (Supplementary Figure S2).
Contribution of BOLD Sensitivity to
Pattern Similarity
For each ROI, t-scores were higher with lower image resolution
(Supplementary Figure S3). Similarly, whole brain tSNR maps
showed the highest values for 3 mm and the lowest for 1.5 mm
EPI (Supplementary Figure S4). We found a negative correlation
between tSNR and IoS values (r = −0.43; p = 0.017; ρ = −0.58;
p < 0.001) (Figure 4). 3 mm EPI was generally associated with
high tSNR and low IoS values. IoS was high and tSNR low for
2 mm resolution, and both tSNR and IoS values were low for
1.5 mm EPI (Figure 4). The ANCOVA showed significant model
fit [F(5, 24) = 4.98; p = 0.003; R2 = 0.51; adjusted R2 = 0.41],
providing better fitting than the regression model considering
only tSNR (R2 = 0.19; adjusted R2 = 0.16) as confirmed by model
comparison [F(4,24) = 3.93; p = 0.014]. We found a significant
effect of tSNR [F(1,24) = 8.24; p = 0.008] on IoS estimates but
only a trend for image resolution [F(2,24) = 3.17; p = 0.06]. In
addition, there was a significant interaction between tSNR and
image resolution [F(2,24) = 4.7; p = 0.019]. The effect of tSNR
on IoS was significant for 2 mm [F(1,24) = 10.98; p = 0.009]
but not for 3 mm [F(1,24) = 4.67; p = 0.061] and 1.5 mm
[F(1,24) = 0.06; p = 0.817]. However, none of the contrasts
between image resolution showed a significant differential effect
of tSNR on IoS across image resolutions (p > 0.2). Results of
correlation tests and ANCOVA using weighted BOLD sensitivity
metrics were comparable to those using unweighted tSNR and
are reported in Table 1. None of the 1-way ANOVAs showed
any significant effect of resolution on any head motion metric
[average head motion: mean = 0.39, 0.37 and 0.38 mm for 1.5,
2, and 3 mm, respectively, F(2,42) = 0.08, p = 0.923; maximum
head motion: mean = 0.91, 0.87, and 1.03 mm, F(2,42) = 0.66,
p = 0.523; number of head movements: mean = 48.53, 61.87, and
92.27, F(2,42) = 2.56, p = 0.090; rotations: mean = 45 × 10−4,
44× 10−4 and 49× 10−4 degrees, F(2,42) = 0.15, p = 0.863].
DISCUSSION
In this study, we demonstrate the impact of fMRI protocol
settings on neural activity patterns in cortical and subcortical
brain regions. We estimated the main effect and interactions
of spatial resolution and image encoding on the ability to
separate somatotopy representations in cortical and subcortical
areas whilst acknowledging the regionally specific differential
BOLD sensitivity. Higher image resolution did not improve
the segregation between body part representations in the
cortex. Conversely, motor somatotopy patterns in deep brain
nuclei were better segregated at both high and low, but not
intermediate spatial resolution, suggesting a crucial role for image
encoding scheme.
Given that previous studies demonstrated the impact of
fMRI data pre-processing (Geissler et al., 2005), experimental
design(Besle et al., 2013b) and statistical analysis (Dechent and
Frahm, 2003) on topology properties of neural activity, we kept
these parameters unchanged across spatial resolutions. Although
body part representations did not strictly follow the spatial
ordering and location of motor somatotopy patterns as expected
from electrophysiological recordings in primates in a systematic
fashion, MANOVA results showed that the location of centers of
mass across ROIs was determined by the body part moved rather
than the fMRI protocol. Moreover, we systematically observed
high similarity values between representations of the same body
part across different resolutions, except in the thalamus. These
results suggest that fMRI resolution did not change the location
of representations but their extent.
In cortical areas we observed the same level of segregation
between somatotopy maps across all image resolutions, which
is consistent with the reduced impact of high-resolution on
BOLD sensitivity in these regions (Triantafyllou et al., 2011).
Conversely, high image resolution might prove advantageous
Frontiers in Neuroscience | www.frontiersin.org 6 June 2019 | Volume 13 | Article 571
fnins-13-00571 June 7, 2019 Time: 18:29 # 7
Marquis et al. Motor Somatotopy in Basal Ganglia and Cortex
FIGURE 2 | Z-scores of IoS for hand against foot (Ha. vs. Fo.), hand against face (Ha. vs. Fa.) and foot against face (Fo. vs. Fa.) per resolution and ROI, projected on
canonical anatomical image in standard space. Bar plots on the left are for left ROIs, bar plots on the right are for right ROIs. Surface renderings of the putamen
(magenta), pallidum (orange), motor nuclei of the thalamus (cyan), SMA (mid-tone blue) and M1 (violet). EPI protocols denoted by hatched light gray – 1.5 mm;
mid-tone gray – 2 mm, black – 3 mm). Stars indicate significantly different Z-scores (p < 0.05, FDR-corrected).
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FIGURE 3 | Z-scores of IoS pair-wise comparison for 1.5 mm, 2 mm and 3 mm resolution for different body parts – hands, feet, face and regions-of-interest,
projected on canonical anatomical image in standard space. Regions-of-interest in putamen (magenta), pallidum (orange), motor nuclei of the thalamus (cyan), SMA
(mid-tone blue) and M1 (violet). Dotted lines indicate significance of correlation (p < 0.05 uncorrected for multiple comparisons, bilateral test).
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FIGURE 4 | IoS values per ROI as a function of tSNR. Light gray line: regression line across all image resolutions, significance denoted with red stars; thick black line:
regression line for 3 mm data; thick dark gray: regression line for 2 mm data, significance denoted with green stars; dotted line: regression line for 1.5 mm data.
to delineate smaller somatotopy representations such as within-
limb or finger somatotopy (Kleinschmidt et al., 1997; Dechent
and Frahm, 2003; Plow et al., 2010). In subcortical areas, we found
significant discrepancies in delineation between the investigated
image resolutions. In particular, the 2 mm 3D EPI data yielded
the smallest levels of segregation between motor representations.
3 mm 2D led to higher levels of segregation than 2 mm 3D
EPI and to even occasionally outperform 1.5 mm 3D EPI. These
results rule out a linear effect of improved delineation with higher
resolution data. The better delineation at 3 mm spatial resolution
points toward a predominant contribution of BOLD sensitivity
in driving these effects – the latter being about twice as large for
3 mm compared to 1.5 mm data. It is of note that IoS estimates
in motor thalamic ROIs were especially high. 2 mm EPI was
associated with extreme values in the right but not in the left
thalamus despite symmetric values of tSNR and t-scores in those
regions. Due to higher levels of noise in the region the thalamus
results should be cautiously interpreted awaiting confirmation by
cross-validation (Diedrichsen et al., 2013a).
Correlation analysis confirmed that BOLD sensitivity has
a significant effect on estimates of segregation between
neural representations. The 1.5 mm protocol delivered better
segregation than the 2 mm one, which suggests that BOLD
sensitivity alone does not explain segregation estimates, and that
accounting for image resolution better explains variability in
somatotopy delineation. Similarly, the effect of BOLD sensitivity
on segregation estimates vary as a function of the fMRI protocols.
It is likely that the encoding scheme used – i.e., 2D vs. 3D,
is a determining factor of the obtained results. Studies point
toward larger activation cluster extent of 3D compared to 2D
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BOLD sensitivity F 8.24 7.17 6.51 6.5
p 0.008∗∗ 0.013∗ 0.018∗ 0.018∗
Resolution F 3.17 3.02 3.45 3.45
p 0.06 0.068 0.048∗ 0.048∗
BOLD sensitivity x
Resolution
F 4.7 5.22 5.56 5.56
p 0.019∗ 0.013∗ 0.01∗ 0.01∗
Model fitting F 4.98 4.97 4.98 4.98
p 0.003∗∗ 0.003∗∗ 0.003∗∗ 0.003∗∗
R2 0.51 0.51 0.51 0.51
Adjusted R2 0.41 0.41 0.41 0.41
r (Pearson) −0.43 −0.41 −0.38 −0.38
p 0.017∗ 0.023∗ 0.041∗ 0.042∗
ρ (Spearman) −0.58 −0.56 −0.48 −0.48
p < 0.001∗∗∗ 0.002∗∗ 0.009∗∗ 0.009∗∗
∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001.
EPI schemes (Hu and Glover, 2007; van der Zwaag et al.,
2009). This effect was attributed to physiological noise (Lutti
et al., 2012; Jorge et al., 2013) mostly affecting sub-cortical
regions (Hutton et al., 2011), which is consistent with our
observations. In our study, 1.5 mm protocol was associated
with smaller volumes of activation but 2 mm was associated
with the largest volumes. However, as shown by the ANOVA
results, head motion alone cannot explain BOLD sensitivity
differences and is hence unlikely related to the different IoS
values observed. The findings of superior segregation at 1.5 mm
compared with 2 mm 3D EPI are interpreted in the context of
improved delineation of motor areas or reduced contribution
of physiological noise in high resolution data (Triantafyllou
et al., 2011). Thus, our decision not to acquire physiological
data might have a significant impact on the subcortical read-
outs given that cardiac and respiratory artifacts are accentuated
in these regions and that 3D readouts are more affected by
physiological noise. However, the regional segregation of 1.5 mm
data remained lower than the 3 mm data, which motivates the
combined study of physiological correction and 1.5 mm 2D EPI
in future studies.
Similarly, systematic differences in brain coverage volume
can lead to differential BOLD in 2D and 3D EPI acquisition
schemes (Poser et al., 2010), thus explaining why 1.5 and
3 mm EPI outperform 2 mm resolution data. Besides image
resolution, another important factor influencing BOLD
sensitivity is the choice of TE, especially at ultra-high field
(de Hollander et al., 2017), which motivated our decision
to keep it identical across protocols. We also decided for
the same fixed duration of data acquisition to reflect in
a more ecological way the impact of different number of
acquired volumes with varying image resolutions on BOLD
sensitivity. One could have kept the number of volumes
acquired constant across fMRI protocols that will lead to
substantial increase for the high-resolution fMRI acquisitions.
This would not only allow for calculating robustness estimates
at variable number of data points, but also for fMRI protocol
comparisons adjusted for BOLD sensitivity differences across
image resolutions.
Another limitation of our study is the lack of tight
control of behavioral performance, which can lead to drop
in robustness of somatotopy patterns due to co-occurrence
of limb joint movements (Luft et al., 2002). Our findings
support the notion of interaction between spatial resolution
and image encoding scheme on topological properties of
neural activity related to motor action. Keeping in mind that
we use a 2D acquisition for our 3 mm fMRI protocol, we
assume that only the inferences based on 1.5 and 2 mm
data can be interpreted in straightforward way. Along the
same lines, one potential extension of the current study is
to investigate somatotopy related topology properties with
multiband fMRI acquisition protocols, which are becoming
increasingly common.
In summary, we provide empirical evidence for a differential
impact of fMRI protocols spatial resolution and encoding
scheme – 2D vs. 3D, on cortical and subcortical motor
somatotopy resulting from the complex interaction of spatial
heterogeneity of factors related to BOLD sensitivity. The
presented analytical strategy and the use of a dedicated index-
of-segregation could help future studies to make informed
decisions of optimal fMRI protocol setting when studying
somatotopy patterns in the human brain. Based on our
findings, we recommend a careful selection of fMRI protocol
settings depending on the focus of the study – particularly,
segregating between emphasis on cortical or subcortical regions.
Given the specific tissue properties of deep brain nuclei
featuring high iron content of basal ganglia that increase
with age, we suggest either using 3 mm 2D or 1.5 mm 3D
acquisition. Although not supported by our experimental setting
lacking physiological parameter recordings, we recommend
physiological noise correction for future studies on cortical and
subcortical motor somatotopy.
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FIGURE S1 | Motor somatotopy across resolutions and brain regions projected
on canonical anatomical image in standard space. Binarised statistical parametric
maps (t-values) thresholded at α = 0.001 uncorrected for multiple comparisons,
minimal cluster extent of 10 voxels for different spatial resolutions.
FIGURE S2 | Effect of different spatial smoothing strategies on PCM results.
Z-scores of pair-wise comparisons of IoS across ROIs and spatial resolution. Top:
6 mm FWHM Gaussian kernel, middle: Gaussian kernel with full-width-at-half-
maximum proportional to EPI protocol spatial resolution – 4.5, 6, and 9 mm for
1.5, 2, and 3 mm EPI, bottom: no spatial smoothing.
FIGURE S3 | Average somatotopy t-scores across regions-of-interest and spatial
resolution. Bars representing mean individuals’ T-scores with error bars indicated
standard error in the 5% most significant voxels within the ROI.
FIGURE S4 | Voxel-wise temporal signal-to-noise ratio (tSNR) maps averaged
across individuals.
FIGURE S5 | Average scaled signal variance of somatotopy maps across
spatial resolutions.
FIGURE S6 | Surface rendering of motor somatotopy patterns in subcortical
regions as a function of resolution and statistical threshold projected on canonical
anatomical image in standard space. Group results from flexible factorial design
represented as binarised statistical parametric maps after F-test across
subcortical regions-of-interest, spatial resolution and statistical threshold
(p < 0.001, 0.01, and 0.05, uncorrected for multiple comparisons, minimal cluster
extent of 10 voxels). Filled circles indicate coordinate with maximal F-value for
each contrast (red, feet; yellow, hands; green, face). White arrows in the top left
image indicate directions of anatomical landmarks (S, superior; L, left; A, anterior).
FIGURE S7 | 2D and 3D representations of motor somatotopy at 1.5 mm
resolution projected on canonical anatomical image in standard space.
Non-thresholded statistical maps – F-contrasts for feet (red), hands (yellow) and
face (green) at α = 0.01 uncorrected with a minimal cluster extent of 10 voxels.
White arrows – directions for anatomical landmarks (S, superior; L, left; A, anterior).
FIGURE S8 | 2D projections of centers of mass coordinates for foot (red), hand
(yellow) and face (green) movements at 1.5 (upward triangle), 2 (diamond) and 3
(downward triangle) mm resolution along X (a, b, g, h, m, and n), Y (c, d, i, j, o, and
p) and Z (e, f, k, l, q, and r) planes in the putamen (upper row), pallidum (middle
row), and thalamus (bottom row). Circles represent the average coordinates of
centers of mass across resolution.
FIGURE S9 | 2D projections of activation maxima coordinates for foot (red), hand
(yellow) and face (green) movements at 1.5 (upward triangle), 2 (diamond) and 3
(downward triangle) mm resolution along X (a, b, g, h, m, and n), Y (c, d, i, j, o, and
p) and Z (e, f, k, l, q, and r) planes in the putamen (upper row), pallidum (middle
row), and thalamus (bottom row). Circles represent the average coordinates of
activation maxima across resolution.
TABLE S1 | Whole brain group results table (spreadsheet “SPM_results”),
reporting F- and t-values for the three separate design matrices for each
resolution (thresholded at p < 0.001 uncorrected and cluster extent k >= 10); MNI
coordinates of maxima (spreadsheet “Maxima”) for each contrast, ROI and
resolution; activation volume (mm3) and MNI coordinates of centers of mass
(spreadsheet “Activated_volume_and_COM”) for each contrast, ROI and
resolution at different thresholds (p < 0.001, p < 0.01, and p < 0.05,
uncorrected).
REFERENCES
Alexander, G. E., and DeLong, M. R. (1985). Microstimulation of the primate
neostriatum. II. Somatotopic organization of striatal microexcitable zones and
their relation to neuronal response properties. J. Neurophysiol. 53, 1417–1430.
doi: 10.1152/jn.1985.53.6.1417
Alkadhi, H., Crelier, G. R., Boendermaker, S. H., Golay, X., Hepp-Reymond,
M.-C., and Kollias, S. S. (2002). Reproducibility of primary motor
cortex somatotopy under controlled conditions. Am. J. Neuroradiol. 23,
1524–1532.
Ashburner, J. (2007). A fast diffeomorphic image registration algorithm.
NeuroImage 38, 95–113. doi: 10.1016/j.neuroimage.2007.07.007
Ashburner, J., and Friston, K. J. (2005). Unified segmentation. NeuroImage 26,
839–851. doi: 10.1016/j.neuroimage.2005.02.018
Beisteiner, R., Windischberger, C., Lanzenberger, R., Edward, V., Cunnington, R.,
Erdler, M., et al. (2001). Finger somatotopy in human motor cortex. NeuroImage
13, 1016–1026. doi: 10.1006/nimg.2000.0737
Benjamini, Y., and Hochberg, Y. (1995). Controlling the false discovery rate: a
practical and powerful approach to multiple testing. J. R. Stat. Soc. Series B
Methodol. 57, 289–300.
Besle, J., Sánchez-Panchuelo, R.-M., Bowtell, R., Francis, S., and Schluppeck, D.
(2013a). Event-related fMRI at 7T reveals overlapping cortical representations
for adjacent fingertips in S1 of individual subjects. Hum. Brain Mapp. 35,
2027–2043. doi: 10.1002/hbm.22310
Besle, J., Sanchez-Panchuelo, R. M., Bowtell, R., Francis, S., and Schluppeck,
D. (2013b). Single-subject fMRI mapping at 7 T of the representation of
fingertips in S1: a comparison of event-related and phase-encoding designs.
J. Neurophysiol. 109, 2293–2305. doi: 10.1152/jn.00499.2012
Bracci, S., Cavina-Pratesi, C., Ietswaart, M., Caramazza, A., and Peelen, M. V.
(2012). Closely overlapping responses to tools and hands in left lateral
occipitotemporal cortex. J. Neurophysiol. 107, 1443–1456. doi: 10.1152/jn.
00619.2011
Cunningham, D. A., Machado, A., Yue, G. H., Carey, J. R., and Plow, E. B. (2013).
Functional somatotopy revealed across multiple cortical regions using a model
of complex motor task. Brain Res. 1531, 25–36. doi: 10.1016/j.brainres.2013.
07.050
de Hollander, G., Keuken, M. C., van der Zwaag, W., Forstmann, B. U., and
Trampel, R. (2017). Comparing functional MRI protocols for small, iron-rich
basal ganglia nuclei such as the subthalamic nucleus at 7 T and 3 T. Hum. Brain
Mapp. 38, 3226–3248. doi: 10.1002/hbm.23586
Frontiers in Neuroscience | www.frontiersin.org 11 June 2019 | Volume 13 | Article 571
fnins-13-00571 June 7, 2019 Time: 18:29 # 12
Marquis et al. Motor Somatotopy in Basal Ganglia and Cortex
Dechent, P., and Frahm, J. (2003). Functional somatotopy of finger representations
in human primary motor cortex. Hum. Brain Mapp. 18, 272–283. doi: 10.1002/
hbm.10084
Delmaire, C., Krainik, A., Tezenas du Montcel, S., Gerardin, E., Meunier, S.,
Mangin, J. F., et al. (2005). Disorganized somatotopy in the putamen of patients
with focal hand dystonia. Neurology 64, 1391–1396. doi: 10.1212/01.wnl.
0000158424.01299.76
Desikan, R. S., Ségonne, F., Fischl, B., Quinn, B. T., Dickerson, B. C.,
Blacker, D., et al. (2006). An automated labeling system for subdividing
the human cerebral cortex on MRI scans into gyral based regions
of interest. NeuroImage 31, 968–980. doi: 10.1016/j.neuroimage.2006.
01.021
Diedrichsen, J., and Kriegeskorte, N. (2017). Representational models: a
common framework for understanding encoding, pattern-component, and
representational-similarity analysis. PLoS Comput. Biol. 13:e1005508. doi: 10.
1371/journal.pcbi.1005508
Diedrichsen, J., Ridgway, G. R., Friston, K. J., and Wiestler, T. (2011). Comparing
the similarity and spatial structure of neural representations: a pattern-
component model. NeuroImage 55, 1665–1678. doi: 10.1016/j.neuroimage.
2011.01.044
Diedrichsen, J., Wiestler, T., and Ejaz, N. (2013a). A multivariate method to
determine the dimensionality of neural representation from population
activity. NeuroImage 76, 225–235. doi: 10.1016/j.neuroimage.2013.
02.062
Diedrichsen, J., Wiestler, T., and Krakauer, J. W. (2013b). Two distinct ipsilateral
cortical representations for individuated finger movements. Cereb. Cortex 23,
1362–1377. doi: 10.1093/cercor/bhs120
Diedrichsen, J., Yokoi, A., and Arbuckle, S. A. (2017). Pattern component
modeling: a flexible approach for understanding the representational structure
of brain activity patterns. NeuroImage 180, 119–133. doi: 10.1016/j.neuroimage.
2017.08.051
Ejaz, N., Hamada, M., and Diedrichsen, J. (2015). Hand use predicts the structure
of representations in sensorimotor cortex. Nat. Neurosci. 18, 1034–1040. doi:
10.1038/nn.4038
Fisher, R. A. (1915). Frequency distribution of the values of the correlation
coefficient in samples from an indefinitely large population. Biometrika 10,
507–521. doi: 10.1093/biomet/10.4.507
Fisher, R. A. (1921). On the probable error of a coefficient of correlation deduced
from a small sample. Metron 1, 3–32.
Fox, J., and Weisberg, S. (2011). An R Companion to Applied Regression. Thousand
Oaks CA: Sage.
Frazier, J. A., Chiu, S., Breeze, J. L., Makris, N., Lange, N., Kennedy, D. N., et al.
(2005). Structural brain magnetic resonance imaging of limbic and thalamic
volumes in pediatric bipolar disorder. Am. J. Psychiatry 162, 1256–1265. doi:
10.1176/appi.ajp.162.7.1256
Friston, K. J., Holmes, A. P., Poline, J. B., Grasby, P. J., Williams, S. C., Frackowiak,
R. S., et al. (1995). Analysis of fMRI time-series revisited. NeuroImage 2, 45–53.
doi: 10.1006/nimg.1995.1007
Friston, K. J., Holmes, A. P., Worsley, K. J., Poline, J. P., Frith, C. D., and
Frackowiak, R. S. (1994). Statistical parametric maps in functional imaging:
a general linear approach. Hum. Brain Mapp. 2, 189–210. doi: 10.1002/hbm.
460020402
Geissler, A., Lanzenberger, R., Barth, M., Tahamtan, A. R., Milakara, D., Gartus, A.,
et al. (2005). Influence of fMRI smoothing procedures on replicability of fine
scale motor localization. NeuroImage 24, 323–331. doi: 10.1016/j.neuroimage.
2004.08.042
Gerardin, E., Lehericy, S., Pochon, J.-B., Tézenas du Montcel, S., Mangin, J.-
F., Poupon, F., et al. (2003). Foot, hand, face and eye representation in
the human striatum. Cereb. Cortex 13, 162–169. doi: 10.1093/cercor/13.
2.162
Goldstein, J. M., Seidman, L. J., Makris, N., Ahern, T., O’Brien, L. M., Caviness, V. S.
Jr., et al. (2007). Hypothalamic Abnormalities in Schizophrenia: sex Effects and
Genetic Vulnerability. Biol. Psychiatry 61, 935–945. doi: 10.1016/j.biopsych.
2006.06.027
Gorgolewski, K. J., Storkey, A. J., Bastin, M. E., Whittle, I., and Pernet,
C. (2010). Single subject fMRI test–retest reliability metrics and
confounding factors. NeuroImage 69, 1–13. doi: 10.1016/j.neuroimage.2012.
10.085
Hashimoto, T., Ueno, K., Ogawa, A., Asamizuya, T., Suzuki, C., Cheng, K., et al.
(2013). Hand before foot? cortical somatotopy suggests manual dexterity is
primitive and evolved independently of bipedalism. Philos. Trans. R. Soc. B Biol.
Sci. 368:20120417. doi: 10.1098/rstb.2012.0417
Hlustik, P., Solodkin, A., Gullapalli, R. P., Noll, D. C., and Small, S. L. (2001).
Somatotopy in human primary motor and somatosensory hand representations
revisited. Cereb. Cortex. 11, 312–321. doi: 10.1093/cercor/11.4.312
Hu, Y., and Glover, G. H. (2007). Three-dimensional spiral technique for high-
resolution functional MRI. Magn. Reson. Med. 58, 947–951. doi: 10.1002/mrm.
21328
Huber, L., Goense, J., Kennerley, A. J., Ivanov, D., Krieger, S. N., Lepsien, J., et al.
(2014). Investigation of the neurovascular coupling in positive and negative
BOLD responses in human brain at 7T. NeuroImage 97, 349–362. doi: 10.1016/
j.neuroimage.2014.04.022
Hutton, C. (2002). Image distortion correction in fmri: a quantitative evaluation.
NeuroImage 16, 217–240. doi: 10.1006/nimg.2001.1054
Hutton, C., Josephs, O., Stadler, J., Featherstone, E., Reid, A., Speck, O., et al. (2011).
The impact of physiological noise correction on fMRI at 7T. NeuroImage 57,
101–112. doi: 10.1016/j.neuroimage.2011.04.018
Indovina, I., and Sanes, J. N. (2001). On somatotopic representation centers for
finger movements in human primary motor cortex and supplementary motor
area. NeuroImage 13, 1027–1034. doi: 10.1006/nimg.2001.0776
Jorge, J., Figueiredo, P., van der Zwaag, W., and Marques, J. P. (2013). Signal
fluctuations in fMRI data acquired with 2D-EPI and 3D-EPI at 7 Tesla. Magn.
Reson. Imaging 31, 212–220. doi: 10.1016/j.mri.2012.07.001
Kapreli, E., Athanasopoulos, S., Papathanasiou, M., Van Hecke, P., Kelekis,
D., Peeters, R., et al. (2007). Lower limb sensorimotor network: issues of
somatotopy and overlap. CORTEX 43, 219–232. doi: 10.1016/s0010-9452(08)
70477-5
Kasper, L., Bollmann, S., Diaconescu, A. O., Hutton, C., Heinzle, J., Iglesias,
S., et al. (2017). The physio toolbox for modeling physiological noise in
fMRI data. J. Neurosci. Methods 276, 56–72. doi: 10.1016/j.jneumeth.2016.
10.019
Kirilina, E., Lutti, A., Poser, B. A., Blankenburg, F., and Weiskopf, N. (2016). The
quest for the best: the impact of different EPI sequences on the sensitivity of
random effect fMRI group analyses. NeuroImage 126, 49–59. doi: 10.1016/j.
neuroimage.2015.10.071
Kleinschmidt, A., Nitschke, M. F., and Frahm, J. (1997). Somatotopy in the
human motor cortex hand area. A high-resolution functional MRI study. Eur.
J. Neurosci. 9, 2178–2186. doi: 10.1111/j.1460-9568.1997.tb01384.x
Krauth, A., Blanc, R., Poveda, A., Jeanmonod, D., Morel, A., and Székely, G.
(2010). A mean three-dimensional atlas of the human thalamus: generation
from multiple histological data. NeuroImage 49, 2053–2062. doi: 10.1016/j.
neuroimage.2009.10.042
Lehéricy, S., Van de Moortele, P. F., Lobel, E., Paradis, A. L., Vidailhet,
M., Frouin, V., et al. (1998). Somatotopical organization of striatal
activation during finger and toe movement: a 3-T functional magnetic
resonance imaging study. Ann. Neurol. 44, 398–404. doi: 10.1002/ana.4104
40319
Luft, A. R., Smith, G. V., Forrester, L., Whitall, J., Macko, R. F., Hauser, T.-K., et al.
(2002). Comparing brain activation associated with isolated upper and lower
limb movement across corresponding joints. Hum. Brain Mapp. 17, 131–140.
doi: 10.1002/hbm.10058
Lutti, A., Thomas, D. L., Hutton, C., and Weiskopf, N. (2012). High-
resolution functional MRI at 3 T: 3D/2D echo-planar imaging with optimized
physiological noise correction. Magn. Reson. Med. 69, 1657–1664. doi: 10.1002/
mrm.24398
Maillard, L., Ishii, K., Bushara, K., Waldvogel, D., Schulman, A. E., and Hallett,
M. (2000). Mapping the basal ganglia: fMRI evidence for somatotopic
representation of face, hand, and foot. Neurology 55, 377–383. doi: 10.1212/
wnl.55.3.377
Makris, N., Goldstein, J. M., Kennedy, D., Hodge, S. M., Caviness, V. S., Faraone,
S. V., et al. (2006). Decreased volume of left and total anterior insular lobule
in schizophrenia. Schizophr. Res. 83, 155–171. doi: 10.1016/j.schres.2005.
11.020
Meier, J. D., Aflalo, T. N., Kastner, S., and Graziano, M. S. A. (2008). Complex
organization of human primary motor cortex: a high-Resolution fMRI study.
J. Neurophysiol. 100, 1800–1812. doi: 10.1152/jn.90531.2008
Frontiers in Neuroscience | www.frontiersin.org 12 June 2019 | Volume 13 | Article 571
fnins-13-00571 June 7, 2019 Time: 18:29 # 13
Marquis et al. Motor Somatotopy in Basal Ganglia and Cortex
Molloy, E. K., Meyerand, M. E., and Birn, R. M. (2014). The influence of spatial
resolution and smoothing on the detectability of resting-state and task fMRI.
NeuroImage 86, 221–230. doi: 10.1016/j.neuroimage.2013.09.001
Mullinger, K. J., Mayhew, S. D., Bagshaw, A. P., Bowtell, R., and Francis, S. T.
(2014). Evidence that the negative BOLD response is neuronal in origin: a
simultaneous EEG–BOLD–CBF study in humans. NeuroImage 94, 263–274.
doi: 10.1016/j.neuroimage.2014.02.029
Nambu, A. (2011). Somatotopic organization of the primate basal ganglia. Front.
Neuroanat. 5:26.
Niemann, K., Mennicken, V. R., Jeanmonod, D., and Morel, A. (2000). The morel
stereotactic atlas of the human thalamus: atlas-to-mr registration of internally
consistent canonical model. NeuroImage 12, 601–616. doi: 10.1006/nimg.2000.
0650
Oguri, T., Sawamoto, N., Tabu, H., Urayama, S., Matsuhashi, M., Matsukawa, N.,
et al. (2013). Overlapping connections within the motor cortico-basal ganglia
circuit: fMRI-tractography analysis. NeuroImage 78, 353–362. doi: 10.1016/j.
neuroimage.2013.04.026
Olman, C. A., Pickett, K. A., Schallmo, M.-P., and Kimberley, T. J. (2012). Selective
BOLD responses to individual finger movement measured with fMRI at 3T.
Hum. Brain Mapp. 33, 1594–1606. doi: 10.1002/hbm.21310
Picard, N., and Strick, P. L. (1996). Motor areas of the medial wall: a review of
their location and functional activation. Cereb. Cortex 1991, 342–353. doi:
10.1093/cercor/6.3.342
Plow, E. B., Arora, P., Pline, M. A., Binenstock, M. T., and Carey, J. R. (2010).
Within-limb somatotopy in primary motor cortex - revealed using fMRI.
CORTEX 46, 310–321. doi: 10.1016/j.cortex.2009.02.024
Poser, B. A., Koopmans, P. J., Witzel, T., Wald, L. L., and Barth, M. (2010).
Three dimensional echo-planar imaging at 7 Tesla. NeuroImage 51, 261–266.
doi: 10.1016/j.neuroimage.2010.01.108
R Core Team, (2012). R: A Language and Environment for Statistical Computing.
Vienna: R Foundation for Statistical Computing.
Sanabria-Díaz, G., Martínez-Montes, E., Melie-Garcia, L., and Alzheimer’s Disease
Neuroimaging Initiative. (2013). Glucose metabolism during resting state
reveals abnormal brain networks organization in the Alzheimer’s disease and
mild cognitive impairment. PLoS One 8:e68860. doi: 10.1371/journal.pone.
0068860
Schäfer, K., Blankenburg, F., Kupers, R., Grüner, J. M., Law, I., Lauritzen, M., et al.
(2012). Negative BOLD signal changes in ipsilateral primary somatosensory
cortex are associated with perfusion decreases and behavioral evidence for
functional inhibition. NeuroImage 59, 3119–3127. doi: 10.1016/j.neuroimage.
2011.11.085
Scholz, V. H., Flaherty, A. W., Kraft, E., Keltner, J. R., Kwong, K. K., Chen, Y. I.,
et al. (2000). Laterality, somatotopy and reproducibility of the basal ganglia and
motor cortex during motor tasks. Brain Res. 879, 204–215. doi: 10.1016/s0006-
8993(00)02749-9
Schridde, U., Khubchandani, M., Motelow, J. E., Sanganahalli, B. G., Hyder, F., and
Blumenfeld, H. (2008). Negative BOLD with large increases in neuronal activity.
Cereb. Cortex 18, 1814–1827. doi: 10.1093/cercor/bhm208
Smith, S. M., Beckmann, C. F., Andersson, J., Auerbach, E. J., Bijsterbosch, J.,
Douaud, G., et al. (2013). Resting-state fMRI in the human connectome project.
NeuroImage 80, 144–168. doi: 10.1016/j.neuroimage.2013.05.039
Staempfli, P., Reischauer, C., Jaermann, T., Valavanis, A., Kollias, S., and
Boesiger, P. (2008). Combining fMRI and DTI: a framework for exploring the
limits of fMRI-guided DTI fiber tracking and for verifying DTI-based fiber
tractography results. NeuroImage 39, 119–126. doi: 10.1016/j.neuroimage.2007.
08.025
Stevens, M. T. R., D’Arcy, R. C. N., Stroink, G., Clarke, D. B., and Beyea, S. D.
(2013). Thresholds in fMRI studies: reliable for single subjects? J. Neurosci.
Methods 219, 312–323. doi: 10.1016/j.jneumeth.2013.08.005
Strother, L., Medendorp, W. P., Coros, A. M., and Vilis, T. (2012). Double
representation of the wrist and elbow in human motor cortex. Eur. J. Neurosci.
36, 3291–3298. doi: 10.1111/j.1460-9568.2012.08241.x
Todd, N., Moeller, S., Auerbach, E. J., Yacoub, E., Flandin, G., and Weiskopf, N.
(2016). Evaluation of 2D multiband EPI imaging for high-resolution, whole-
brain, task-based fMRI studies at 3T: sensitivity and slice leakage artifacts.
NeuroImage 124, 32–42. doi: 10.1016/j.neuroimage.2015.08.056
Triantafyllou, C., Hoge, R. D., Krueger, G., Wiggins, C. J., Potthast, A., Wiggins,
G. C., et al. (2005). Comparison of physiological noise at 1.5 T, 3 T and 7 T and
optimization of fMRI acquisition parameters. NeuroImage 26, 243–250. doi:
10.1016/j.neuroimage.2005.01.007
Triantafyllou, C., Polimeni, J. R., and Wald, L. L. (2011). Physiological noise and
signal-to-noise ratio in fMRI with multi-channel array coils. NeuroImage 55,
597–606. doi: 10.1016/j.neuroimage.2010.11.084
van der Zwaag, W., Kober, T., Marques, J. P., Glover, G. H., Gruetter, R.,
and Krueger, G. (2009). Comparison of single-shot 2D EPI and segmented
3D EVI acquisition for fMRI at 7T. Proc. Intl. Soc. Magn. Reson. Med. 17,
1150.
Van Dijk, K. R. A., Sabuncu, M. R., and Buckner, R. L. (2012). The influence of head
motion on intrinsic functional connectivity MRI. NeuroImage 59, 431–438.
doi: 10.1016/j.neuroimage.2011.07.044
Van Essen, D. C., and Drury, H. A. (1997). Structural and functional analyses
of human cerebral cortex using a surface-based atlas. J. Neurosci. Off. J. Soc.
Neurosci. 17, 7079–7102. doi: 10.1523/jneurosci.17-18-07079.1997
Viviani, R. (2016). A Digital atlas of middle to large brain vessels and their relation
to cortical and subcortical structures. Front. Neuroanat. 10:12. doi: 10.3389/
fnana.2016.00012
Weiskopf, N., Suckling, J., Williams, G., Correia, M. M., Inkster, B., Tait, R., et al.
(2013). Quantitative multi-parameter mapping of R1, PD(∗), MT, and R2(∗)
at 3T: a multi-center validation. Front. Neurosci. 7:95. doi: 10.3389/fnins.2013.
00095
Worsley, K. J., and Friston, K. J. (1995). Analysis of fMRI time-series revisited–
again. NeuroImage 2, 173–181. doi: 10.1006/nimg.1995.1023
Zeharia, N., Hertz, U., Flash, T., and Amedi, A. (2012). Negative blood oxygenation
level dependent homunculus and somatotopic information in primary motor
cortex and supplementary motor area. Proc. Natl. Acad. Sci. U.S.A. 109, 18565–
18570. doi: 10.1073/pnas.1119125109
Zeharia, N., Hertz, U., Flash, T., and Amedi, A. (2015). New whole-body
sensory-motor gradients revealed using phase-locked analysis and verified
using multivoxel pattern analysis and functional connectivity. J. Neurosci. 35,
2845–2859. doi: 10.1523/JNEUROSCI.4246-14.2015
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2019 Marquis, Muller, Lorio, Rodriguez-Herreros, Melie-Garcia, Kherif,
Lutti and Draganski. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
Frontiers in Neuroscience | www.frontiersin.org 13 June 2019 | Volume 13 | Article 571
